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INTRODUCTION
Saccharomyces uvarum is a wine fermenting yeast species belonging to the Saccharomyces sensu stricto group that has great potential for industry (Sipiczki 2002; Talarek et al. 2004; Naumov et al. 2011) . Wild S. uvarum strains can frequently be isolated from the grape surface; they are genetically stable, and are used experimentally as a model for Saccharomyces yeast, being considered as a sister species of Saccharomyces cerevisiae (Masneuf-Pomarede et al. 2016) .
Yeast resistance to sulfite is of great interest and is an important character for winemaking from a technological point of view (Nadai et al. 2016) . Sulfite is a normal but potentially toxic intermediate metabolite of normal plants, fungi and bacteria during sulfate assimilation (Avram and Bakalinsky 1997) . Because of the toxicity to microorganisms, sulfite is widely used as a preservative in the food, beverage and pharmaceutical fields (Taylor, Higley and Bush 1986; Avram, Leid and Bakalinsky 1999) . However, in the presence of sulfite, many organisms can still grow normally. The biological mechanism for avoiding the toxic effects of sulfite may be due to the presence of a sulfite pump that can excrete sulfite produced during metabolism. The SSU1 gene encodes the SSU1p protein that was identified as a sulfite pump regulating sulfite (Chen et al. 2008; Peng et al. 2013; Nadai et al. 2016) . The metabolism of sulfite formed in yeast cells and its accumulation were reported by Donalies and Stahl (2002) . Recently a translocation involving the promoter region of ADH1 and the gene SSU1 was found that led to increasing SSU1 gene expression and sulfite tolerance (Zimmer et al. 2014) .
Strategies for sulfur resistance in yeast are important for wine quality (Nadai et al. 2016) . Wine aroma is one of the most important factors affecting quality and marketing. Sulfite can form complexes with aldehydes and ketones to improve the stability of wine flavor. There are a lot of mechanisms by which the yeast produces aroma, including production of alcohols, esters, organic acids and sulfides (Yang et al. 2007) . Decreasing the composition and concentration of sulfide can promote the formation of wine aroma products. High sulfite concentration and low concentrations of aromatic ingredients such as hydrogen sulfide and mercaptan can improve the stability of flavor and quality of wine products. The timing of sulfite production during fermentation will affect the flavor of the wine. At the beginning of fermentation, the sulfite wort will form aldehyde and ketone compounds, reducing ethanol to produce complex products and thereby determine the flavor of the wine (Dufour 1991; Donalies and Stahl 2002) . At the end of fermentation, sulfite produced can increase the flavor stability.
As yet there are no publications on the functional analysis of the sulfur tolerance-related gene SSU1 of S. uvarum. Here we describe two expression vectors containing different SSU1 genes and new S. uvarum transformants. The function of the S. uvarum SSU1 gene was assessed using various techniques including sulfite-tolerance phenotype screening, PCR and sequencing analysis, assessment of SO 2 production, RT-qPCR and transcriptome analysis.
MATERIALS AND METHODS

Materials
Saccharomyces uvarum strain A9 was from the University of Auckland, New Zealand (Zhang et al. 2010) , and PYIP5, pSilent and Escherichia coli DH5α were preserved in Key Laboratory of Biodiversity Conservation in Southwest China, the State Forest Administration, Southwest Forestry University. SSU1-1 (Genbank accession no. KY286122) and SSU1-2 (Genbank accession no. KY286123) were synthesized and constructed in pGEM-T Easy vectors by Zoonbio Biotechnology Co. Ltd, China. Primers were synthesized by Shanghai Shengong Co. Ltd, China. Molecular reagents or kits were purchased from Shanghai Shengong Co. Ltd.
Construction of SSU1 gene expression vector
Procedures for manipulation of plasmid DNA and transformation were according to the method outlined by Sambrook, Fritsch and Maniatis (1989) . Restriction fragment length polymorphism, PCR and sequencing were employed to verify the expression vector.
Gene transformation of S. uvarum PYIP5-SSU1-1, PYIP5-SSU1-2 and PSlient-SSU1-s were transferred into Escherichia coli DH5α via electrotransformation, then painted on LB (1% yeast extract, 1% tryptone, 2% agar and 0.5% NaCl) plates containing 1 mg/mL ampicillin, and cultured at 37
• C overnight. Large transformed colonies were picked into 3 ml LB liquid medium (1% yeast extract, 1% tryptone and 0.5% NaCl) containing 1mg/mL ampicillin and cultured at 37
• C overnight.
Cells were harvested, and the plasmids were extracted and purified. Saccharomyces uvarum competent cells and the recombinant plasmids PYIP5-SSU1-1, PYIP5-SSU1-2 and PSlient-SSU1-s were put into an electric shock cup with a volume ratio of 10:1, mixed and shocked for 5 ms with 1500 V using an Eppendorf electroporator. The cup stood at room temperature for a while, a small amount of YEP medium (1% yeast extract, 1% peptone, 0.5% NaCl, pH 7.5) was added, and it then stood for an hour at 28 • C. After culture for 2 h at 28
• C and 200 rpm in a shaker, there was final screening for the transformation on sulfite-containing YPD (1% yeast extract, 2% peptone, 2% agar, and 2% glucose) plates.
Sulfur-tolerance genotyping
Different strains were inoculated into fresh YPD medium containing 5, 10, 20, 40, 60, 80 or 100 mM sodium sulfite and 80 mM succinic acid, pH 3.5. Sulfite tolerance levels were recorded after 24 h depending on the growing situation of the strains or colonies.
PCR analysis
DNA samples were prepared according to the method described by Nardi et al. (2010) Zhang et al. (2015) .
RNA extraction and cDNA synthesis
After culture in liquid YPD for 24 h, yeast strains were collected. Yeast cells were ground in liquid nitrogen, and total RNA was extracted using Trizol, then purified by using DNase enzyme. RNA samples were reverse-transcribed into cDNA using the Fermentas kit for Reverse Transcription PCR.
Sulfur dioxide content
Sulfur dioxide contents were measured using the method described by Ding, Chen and Xiao (2006) 
5 -GYT CRG CCA GGA TCT TCA T-3 Figure 1 . The structure of SSU1-1 and SSU1-2. SSU1-1, driven from A9, contained an insertion located 268 bp upstream of the SSU1 gene that is about 320 bp between the AGP1 and KCC1 genes. The sequence of SSU1-2 is the same as SSU1-1, but without the insertion fragment and upstream sequences. 
RT-PCR analysis
RT-PCRs were carried out according to the method described by Chen et al. (2008) , and the primers were SSU1-L1 and SSU1-R1 (Table 1) . With an ABI7500 fluorescence quantitative PCR instrument (Applied Biosystems, Inc., Foster City, CA, USA), the PCR programs used were as follows: 95
• C for 10 min; 95
• C for 30 s,
95
• C for 15 s, 60 Labbé et al. (2012) . A heat map of relationships of sulfite metabolism-related genes was drawn with the software R 3.0.2, using Log2 FPKM values.
RESULTS
Construction of vectors
SSU1-1 and SSU1-2 alleles ( Fig. 1) were synthesized with an extra BamHI and SalI at both ends in a pGEM-T Easy vector. These two alleles were then amplified by PCR for vector construction. Using BamHI and SalI, the PCR products and expression plas- (n = 3). * P < 0.05, * * P < 0.01. mid PYIP5 were digested. Then the digested PCR fragments and expression vector were ligated, and shuttle vectors were constructed. The vectors were then subjected to digestion by BamHI and SalI again to confirm the vector was of the correct length.
PCR analysis
Ten transformant colonies of SSU1-1 and SSU1-2 that grew well on the sulfite medium (40 mg/L) were chosen for PCR analysis. PCR primers were designed based on the ampicillin resistance gene sequences contained in the PYIP5 vector. The results showed that all the transformant colonies could produce an 850 bp band. Ten transformation candidates of SSU-s with hygromycin resistance were selected from the single colonies growing on hygromycin medium (50 μg/ml). PCR was employed to confirm that the transformation candidates contained the hygromycin gene. Nine of them were found to be able to generate 760 bp hygromycin resistance gene-specific bands and were identified as positive transformations. 
Sulfite resistance of the transformants
Ten transformants of each vector together with the starting strain A9 were inoculated and grown in YEP culture medium with different sulfite concentrations. The results showed that the starting strain A9 could grow well on the medium containing 20 mM sulfite; A9-SSU1-1 showed growth on 80 mM, A9-SSU1-2 grew at up to 60 mM, and A9-SSU1-s was unable to grow on 5mM sulfite (shown in Table 2 ). This illustrated that an additional copy of the SSU1 gene could increase the sulfite resistance of S. uvarum, and an insertion ahead of the SSU1 gene could promote resistance.
Sulfur dioxide content analysis
The fermentation results showed that SSU1-1 and SSU1-2 transformants could ferment well in the grape juice containing sulfite. The average output of SO 2 of SSU1-1 transformants increased 209.6%. That of SSU1-2 transformants was improved 289.7% compared with the SO 2 production of the starting strains. The SO 2 output of SSU1-1 transformants ranged from 30.23 to 32.95 mg/L, with an average of 31.72 mg/L; that of SSU1-2 transformants ranged from 24.23 to 26.44, with an average of 25.20 mg/L (Table 3) . It seems that the transformed SSU1-1 and SSU1-2 genes were activated in all selected transformants. The average output of SO 2 of SSU1-1 transformants was higher than that of the SSU1-2 transformants, and there was a significant difference (P < 0.0001, with one-way ANOVA) between these two groups of data.
qRT-PCR analysis
A9-SSU1-1-8 and A9-SSU1-2-17 were selected for further experiments because they produced the lowest SO 2 amount in their Table 6 . Comparison between gene expression levels of A9-SSU1-1 and A9-SSU1-2. Down-regulated: gene expression levels of A9-SSU1-1 downregulated compared with those of A9-SSU1-2. Up-regulated: gene expression levels of A9-SSU1-1 up-regulated compared with those of A9-SSU1-2. Not all 283 differential genes (in Table 5 ) were in GO category because GO annotations could not interpret some of them. 
ADH1, ADH2
General function prediction only 2 ARA1, ECM5 Intracellular trafficking, secretion, and vesicular transport 2
PEX11, TIM12
Defense mechanisms 1 PNC1
groups. Results of qRT-PCR showed that the average expression of the SSU1 gene of A9-SSU1-1-8 and A9-SSU1-2-17 was 17.431 and 12.784 times higher than the starting strain A9, respectively (Fig. 2 ). An insertion ahead of the SSU1 gene promoting the expression level was observed. Comparison of the three transformants and the original A9 strain indicated a significant impact on the expression of the SSU1 genes detected in this experiment. This indicated that both SSU1-1 and SSU1-2 were successfully expressed.
Transcriptome analysis
Expression values were calculated as fragments per kilobase of transcript per million fragments mapped (RPKM), and 36.12% of FPKM values of A9-SSU1-2 were very low, ranging from 0 to 0.1, while only 14.14% of values of A9-SSU1-1 were in this range; 32.04% of FPKM values of A9 were very high, greater than 15; and only 30.03% of values of A9-SSU1-2 were in this range (Table 4 ). Compared with one other, many genes were found to be differentially expressed (Table 5) . Some genes were up-regulated, and some were down-regulated. Differentially expressed genes were mainly those relating to cellular components, molecular functions and biological processes. The differentially expressed genes relating to cellular components were mainly those concerning cell, cell part, envelope, macromolecular complex, membrane-enclosed lumen, organelle and organelle part. Molecular function genes included those associated with binding, catalytic functions and structural molecules. Biological process-related genes were concerned with cellular component biogenesis and cellular component organization. For example, comparing with the SSU1-2 (without the insertion ahead of the SSU1 gene) transformant, 200 genes were down-regulated, and 83 genes were up-regulated in SSU1-1 (Tables 5 and 6 ). All genes related to envelope, cellular component organization, establishment of localization and localization in SSU1-1 transformants were up-regulated, while all genes related to translation regulator and cellular component biogenesis were downregulated (Fig. 3) . Further analysis showed that some genes were down-regulated in both SSU1 allele transformants, such as ALD2, MET17 and MET3. Some genes were up-regulated in both SSU1 allele transformants, such as ADH2, ALD4 and ALD6. Some genes were up-regulated in one SSU1 allele transformant but downregulated in the other, like MET7, SUL2 and MET2.
Cluster heatmapping of the genes involved in the sulfite metabolism pathway was performed (Fig. 4) . The eight most expressed genes were PDC1, SAM3, ALD6, HOM3, ALD2, SUL2, CYS4 and ALD3. Among them, HOM3 was up-regulated in toleranceincreased strains (A9-SSU1-1 and A9-SSU1-2) compared with the original A9 strain, and the up-regulation of these genes might relate to enhanced sulfite tolerance. ALD5, MET16 and MET17 expression levels were lowest in the A9-SSU1-2 strain; however, it was the most tolerant strain.
DISCUSSION
The molecular mechanism of sulfite metabolism of S. cerevisiae had been reported and is controlled by genes SSU1 and FZF1 (Avram and Bakalinsky 1997; Park and Bakalinsky 2000; Nardi et al. 2010) . The previous information showed that SSU1, which encodes a plasma membrane protein, plays an important role in sulfite metabolism. It has been studied in many S. cerevisiae strains associated with wine fermentation (Pérez-Ortín et al. 2002; Yuasa et al. 2004; Nardi et al. 2010; Naumov et al. 2013) . SSU1p mediated efflux of the free form of sulfite, and multi-copy SSU1 or FZF1-4 could result in greater efflux of free sulfite than the SSU1 null mutant (Park and Bakalinsky 2000) . However, there have been no reports on the sulfite resistance mechanisms of S. uvarum. This study aimed to investigate the function of the S. uvarum SSU1 gene. We transformed two expression vectors containing different SSU1 genes and one SSU1-silent vector into a sulfite-tolerant strain, A9, to find out whether enhancing expression or depression of the SSU1 gene could affect the sulfite tolerance level. The SSU1-enhancing expression transformants grew well on medium containing higher sulfite concentrations, while the SSU1-s transformant could not grow on medium with a low sulfite concentration. The SO 2 average output of SSU1-1 and SSU1-2 transformants was increased 267.5% and 362.0%, respectively, compared with the original strains. Hence, it was concluded that the SSU1 gene plays a key role in the mechanism of sulfite resistance of S. uvarum.
There were obvious differences in the sulfite tolerance between S. uvarum strains (Zhang et al. 2015) . The codon usage bias might cause the different expression levels of genes (Singha, Chakraborty and Deka 2014). Several changes in gene and protein structures might be the final cause of the different sulfite tolerances. Evidence for the expression levels of SSU1 genes in different S. cerevisiae strains was obtained by Aa et al. (2006) . The evolution of SSU1 genes was pushed by mutation pressures (Aa et al. 2006) . High polymorphism levels have been observed in the SSU1 gene among vineyard-isolated S. cerevisiae strains, suggesting that this transport system played a significant role in the evolution of sulfite resistance mechanisms (Nardi et al. 2010) . A previously identified insertion ahead of the SSU1 gene also gave rise to a change in sulfite tolerance in this study. It suggested that this transport system is also diverse and important in the evolution of sulfite resistance mechanisms of S. uvarum. Here, different expression levels of the SSU1 gene were found via qRT-PCR. The different expression levels of SSU1 might be one of the important reasons for the varied sulfite tolerance observed between transformants.
In recent years, there were some reports on sulfite metabolism genes of S. cerevisiae, such as MET1, MET2, MET10, MET14 and FZF1. Metabolic path way of sulfite was clear, and over-expression of MET14 or deletion of MET2 or MET10 could increase the sulfite metabolism effectively in S. cerevisiae (Korch, Mountain and Bystrom 1991; Hansen and Kielland-Brandt 1996; Donalies and Stahl 2002; Aranda et al. 2006) . In this study, we took a comparative transcriptomic approach between the starting strain and the transformed strains. Differentially expressed genes were found. Surprisingly, none of the mentioned genes were found to be differentially expressed in the compared strains. Two different SSU1 genes transferred into the same S. uvarum strain may result in change in expression levels of genes involved in sulfite metabolism networks, because of the different expression level of SSU1. Nadai et al. (2016) also found that there were several mechanisms involved in the sulfur tolerance of S. cerevisiae. In this study, the insertion fragment ahead of SSU1-1 might have an effect on the sulfite tolerance, because it could enhance the expression level of the SSU1 gene. A positive regulation region of the SSU1 gene was inferred to be in this insertion fragment. Reduced expression of genes relating to translation and cellular component biogenesis in SSU1-1 transformants (without the insertion fragment) may be a cause of increased sulfite tolerance compared with SSU1-2 transformants. These changes in translation may have resulted in greater sulfite efflux activity.
CONCLUSIONS
In conclusion, our results suggested that expression of an additional copy of the SSU1 gene in the genome could improve sulfite resistance of S. uvarum. The expression of an additional copy of SSU1 with an insertion fragment ahead could affect the expression of other genes and the sulfite tolerance of S. uvarum. Compared with the expression of SSU1 without an insertion, expression of SSU1 with an insertion could increase the expression of the translation regulator and cellular component biogenesis related genes, while the expression of the envelope, cellar component organization, establishment of localization, and localization related genes would decrease. The expression level of HOM3 was found to be positively related to the sulfite tolerance of S. uvarum, while MET16 and MET17 were negatively correlated with it. This is the first genetic engineering study of the species S. uvarum. Also, it is the first report on the functional analysis of the SSU1 gene of S. uvarum, and that an insertion in front of it could enhance its function.
